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Edited by Lukas HuberAbstract Hypoxia through HRE (hypoxia-responsive element)
activity in MG-63 human osteosarcoma cells grown in mono-
layer and as very small, three-dimensional tumor spheroids was
investigated using molecular imaging techniques. MG-63 cells
were stably transfected with a vector constructed with multiple
copies of the HRE sequence of the human vascular endothelial
growth factor (VEGF) gene and with the enhanced green ﬂuores-
cent protein (EGFP) coding sequence. During hypoxia when
HIF-1a (hypoxia-inducible factor-1a) is stabilized, the binding
of HIF-1 to the HRE sequences of the vector allows the tran-
scription of EGFP and the appearance of ﬂuorescence. Transfec-
ted monolayer cells were characterized by ﬂow cytometric
analysis in response to various hypoxic conditions and HIF-1a
expression in these cells was assessed by Western blotting.
Two-photon excitation (TPE) microscopy was then used to
examine both MG-63-transfected monolayer cells and spheroids
at 2 and 5 days of growth in normoxic conditions. Monolayer
cells reveal almost no ﬂuorescence, whereas even very small
spheroids (<100 lm) after 2 days of growth contain regions of
high ﬂuorescence. For the ﬁrst time in the literature, at least
to our knowledge, it is demonstrated, using highly sensitive and
non-perturbing molecular imaging techniques, that three-dimen-
sional cell organization leads to almost immediate HRE activa-
tion. This activation of the HRE sequences, which control a wide
variety of genes, suggests that monolayer cells and spheroids of
the MG-63 cell line have diﬀerent genes activated and thus di-
verse functional activities.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The concentration of molecular oxygen (O2) in cells and in
the microenvironment that surrounds them plays a pivotal role
in cell function and survival. For this reason, cells have evolved
a variety of mechanisms to sense and respond to changes in O2.
One of the most important of these involves the hypoxia-*Corresponding author. Fax: +39 06 49387140.
E-mail address: santini@iss.it (M.T. Santini).
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doi:10.1016/j.febslet.2007.01.040inducible factor 1 (HIF-1) which is active during hypoxia
[1,2]. HIF-1 is a transcription factor consisting of the constitu-
tively expressed HIF-1b subunit and the highly regulated HIF-
1a subunit. In fact, during normoxia, HIF-1a is hydroxylated
by O2-dependent prolyl hydroxylases and thus ubiquitylated
and subsequently degraded, while during hypoxia, HIF-1a is
not hydroxylated and, consequently, no degradation occurs
[3]. Thus, during hypoxia when HIF-1a is stabilized, HIF-1
mediates transcriptional responses by binding to hypoxia-
responsive elements (HRE) present on a series of target genes
involved in metabolic adaptation, hematopoieses, changes in
adhesive and invasive properties, angiogenesis and apoptosis
[1,2]. The importance of HIF-1 is further underscored by the
observation that it is deregulated in many human tumors
[4–6], and that the resulting high level of HIF-1 expression is
associated with more aggressive tumors and less successful
chemotherapy [7] as well as radiotherapy [8].
For many years, cancer has been investigated primarily by
using stabilized tumor cell lines grown in monolayer. Although
this in vitro cell model has yielded much valuable information
regarding the mechanisms at the basis of malignant growth, it
is, nonetheless, unsuitable in representing completely in vivo
tumors. It should be recalled that solid tumors grow in a
three-dimensional spatial array with very intimate cell–cell
interactions, complex ECM organization and non-uniform dis-
tributions of oxygen and nutrients. Thus, it is apparent that
bidimensional growth of cancer cells, in which cell contact
and ECM communication as well as oxygen and nutrient dis-
tribution are so diﬀerent from solid tumors, cannot be used in
examining all aspects of tumor biology. For this reason, the
multicellular tumor spheroid model, which shares many of
the characteristics of in vivo solid tumors and therefore can
better represent them, was developed [9–12].
It was the purpose of the present paper to investigate hypox-
ia through HRE activity in MG-63 human osteosarcoma cells
grown in monolayer and as very small, three-dimensional tu-
mor spheroids. MG-63 cells were stably transfected with a vec-
tor constructed with multiple copies of the human vascular
endothelial growth factor (VEGF) HRE sequence [13] and
with the green ﬂuorescent protein (EGFP) coding sequence.
During hypoxia when HIF-1a is stabilized, the binding of
HIF-1 to the HRE sequences of the vector allows the tran-
scription of EGFP and the appearance of ﬂuorescence. This
ﬂuorescence can then be visualized by various microscopic
techniques. Two-photon excitation (TPE) microscopy ratherblished by Elsevier B.V. All rights reserved.
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in this study because of the higher penetration depth and less
out-of-focus photobleaching of TPE [14,15]. After validation
of the transfected cells by examination of ﬂuorescence intensity
with ﬂow cytometric analysis in response to various hypoxic
conditions, and assessment of HIF-1a expression with Western
blotting, TPE was used to examine both MG-63-transfected
monolayer cells and spheroids at 2 and 5 days of growth under
normoxic conditions. Monolayer cells reveal almost no ﬂuo-
rescence, whereas even very small spheroids (<100 lm) after
2 days of growth contain regions of high ﬂuorescence. For
the ﬁrst time in the literature, at least to our knowledge, it is
demonstrated, using highly sensitive and non-perturbing meth-
ods, that three-dimensional cell organization leads to almost
immediate HRE activation. The data also underscore the
importance of the interdisciplinary use of molecular biology
together with appropriate biophysical tools to examine three-
dimensional cell systems such as tumor spheroids.2. Materials and methods
2.1. Construction of HRE/EGFP vector
The HRE/EGFP vector utilized in this study was constructed by
using the pBI-V6R plasmid, kindly provided by Drs. D.E. Post and
E.G. Van Meir [13], containing six tandem copies of the VEGF
HRE sequence in the 3 0 (right) direction. The EGFP coding sequence,
excised from the pEGFP-N1 vector (Clontech Laboratories, Inc., Palo
Alto, CA, USA) by NotI/PstI digestion, was inserted at the multiple
cloning site located upstream from the HRE sequence.
2.2. MG-63 cell culture and transfection
MG-63 cells (a human osteosarcoma cell line) purchased from the
Istituto Zooproﬁlattico Sperimentale della Lombardia e dell’Emilia
(Brescia, Italy) were grown in monolayer in Petri dishes (Nunc A/S,
Roskilde, Denmark) containing RPMI 1640 (Gibco BRL, Life Tech-
nologies Ltd., Paisley, Scotland) supplemented with 10% heat-inacti-
vated fetal bovine serum (FBS Characterized; Hyclone, Utah, USA),
non-essential amino acids, 100 IU/ml penicillin and 100 lg/ml strepto-
mycin (Gibco BRL), and incubated at 37 C in a 5% CO2 atmosphere.
The cells were co-transfected with both the HRE/EGFP vector and the
pLXSN vector (Clontech) containing the Neo gene which confers resis-
tance to the G418 antibiotic. The transfection reagent used was Fu-
GENE 6 (Roche Diagnostics Corp., Indianapolis, Indiana, USA).
The stably transfected clones were selected after 15 days of growth
in media containing 150 lg/ml of the G418 antibiotic (Gibco BRL).
2.3. Flow cytometric analysis of hypoxic response
In order to select the clone with the highest EGFP induction, the
cells were exposed to CoCl2, a substance widely used to mimic hypoxic
conditions. All the clones were treated with 200 lMCoCl2 for 24 h and
the clone with the highest level of EGFP induction was selected by ﬂow
cytometric analysis and utilized for further experiments. The selected
clone will hereafter be referred to as MG-63/HRE-EGFP. For ﬂow
cytometry, after CoCl2 treatment, each clone was ﬁxed in 1% formal-
dehyde in PBS for 30 min and ﬂuorescence intensity determined using
a FACScan ﬂow cytometer (Becton Dickinson Biosciences, San Jose,
CA, USA) equipped with a 15 mW, 488 nm, air-cooled argon ion laser.
Fluorescence emissions were collected after passage through a 530 nm
band-pass ﬁlter. A minimum of at least 10000 events were acquired in
list mode using the CellQuest software (Becton Dickinson). Forward
(FSC) and side (SSC) scatter were collected as linear signals and ﬂuo-
rescence emissions were collected on a four-decade logarithmic scale.
In order to obtain mean ﬂuorescence intensity (MFI) values, the log
of the ﬂuorescence intensity was plotted on the x-axis and the number
of cells possessing a given intensity on the y-axis. In addition, in order
to determine if the MG-63/HRE-EGFP clone responds in a concentra-
tion-dependent manner to diﬀerent hypoxic conditions, it was exposed
to 50, 100 and 200 lM CoCl2 as well as grown in Anaerocult A mini
incubation bags (Merck & Co., Inc., Whitehouse Station, NJ, USA)in which an hypoxic environment (oxygen concentration less than
1%) was produced. Hypoxia was conﬁrmed by the color change of
the Anaerotest strip indicator (Merck & Co.) located in the bag. After
24 h of hypoxic treatment, ﬂuorescence intensity was determined by
ﬂow cytometry as described above.
2.4. Assessment of HIF-1a expression by Western blot analysis
In order to verify if the EGFP ﬂuorescence observed under hypoxic
conditions is related to the increase in the quantity of HIF-1a, Western
blot analysis was conducted. Speciﬁcally, cells were washed twice in
PBS and lysed in RIPA buﬀer (PBS containing 1% Igepal CA-630,
0.5% sodium deoxycholate, 0.1% SDS, 0.1 mg/ml PMSF and protease
inhibitor cocktail) for 30 min on ice. The lysates were centrifuged at
10000 · g for 10 min at +4 C and the pellets were discarded. Protein
analysis was conducted by the DC protein assay kit (Bio-Rad Labora-
tories, Milan, Italy) using BSA as standard. Equal amounts of protein
(40 lg) per sample were separated onto a 7.5% acrylamide gel and were
elecroblotted onto PVDF membranes (Bio-Rad Laboratories). After
electroblotting the membranes were blocked with 2.5% non-fat dry
milk (Bio-Rad Laboratories) in TBST (0.1 M Tris base, 0.15 M NaCI,
0.05% Tween 20, pH 7.4) and then incubated with the primary mouse
monoclonal antibody HIF-1a (Becton Dickinson) for 2 h at 37 C.
Following incubation with a HRP-linked whole anti-mouse antibody
(Amersham Biosciences, Milan, Italy), visualization of the bound anti-
body was performed with the Supersignal West Pico Chemilumines-
cent Substrate (Pierce, Rockford, Illinois, USA). An equal loading of
proteins was conﬁrmed by utilizing the primary mouse antibody
against b-actin as control (Chemicon, Milan, Italy).
2.5. Multicellular tumor spheroids
In order to form spheroids, MG-63/HRE-EGFP cells grown in
monolayer were detached, seeded (5.0 · 105 cells/well) on 3% agar in
complete medium in six-well tissue culture plates (Nunc A/S) and incu-
bated at 37 C in a 5% CO2 atmosphere. Spheroids were collected at 2
and 5 days of growth and examined using ﬂow cytometry and TPE and
confocal laser microscopy. For ﬂow cytometric analyses, spheroids
were disaggregated with 10 mM EDTA and 0.25% trypsin at 37 C,
while for TPE and confocal laser microscopy, spheroids were ﬁxed
with 1% formaldehyde in PBS for 1 h at 4 C. Finally, for Western blot
analysis, a similar protocol as the one utilized for monolayer cells was
used.
2.6. TPE microscopy
Two-photon excitation images were acquired by coupling a confocal
microscope (Olympus Fluoview 300, Olympus, Tokyo, Japan)
equipped with a galvanometer scanning head to an infrared 100 fs
pulsed laser. The titanium sapphire laser (Tsunami, Spectra Physics,
Mountain View, CA, USA), pumped by the second harmonic of a
Nd:Yag solid state laser (Millennia 5, Spectra Physics), can be tuned
from 700 to 1000 nm. For EGFP excitation, a value of k = 860 nm
was chosen and used at a power of 5–10 mW. The laser beam was fo-
cused by a water immersion 20· objective (numerical aperture = 0.95),
used for spheroids, or a 60· objective (numerical aperture = 1.2), used
for monolayer cells and for analysis of the sucellular distribution of
ﬂuorescence in spheroids. The 20· objective has a long working dis-
tance (WD = 2 mm) which ensures a good penetration and a good col-
lection of ﬂuorescence at this distance. The EGFP ﬂuorescence was
collected through a 510/30 nm bandpass ﬁlter (HQ510/30, Chroma
Technolgies Inc., Rockingham, VT, USA). Data analysis was accom-
plished by the software of the Olympus Fluoview confocal microscope.
In order to obtain the intensity proﬁles in the axial direction (z-direc-
tion), diﬀerent regions of interest (ROI) were chosen in the maximum
thickness region of the spheroid. The ROI radius was chosen smaller
than the average spheroid radius in order to avoid end eﬀects, but large
enough to allow an average of the ﬂuorescence signal to be taken. ROI
diameters about one tenth of the spheroid dimensions were used. For
each spheroid, diﬀerent ROIs were taken and the obtained intensity
proﬁles versus z axis were averaged.
2.7. Confocal laser microscopy
The optical set-up for the single-photon imaging experiments is
based on an inverted microscope (Olympus IX2 Confocal Microscope,
Olympus), a FluoView 1000 scanning head and an air cooled Argon
laser exciting at 488 nm. The laser beam is sent to the entrance pupil
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Fig. 2. Western blot analysis of the HIF-1a transcription factor. HIF-
1a expression was determined in MG-63 cells exposed to 50, 100 and
200 lM CoCl2 as well as to a low oxygen concentration for 5 h (lanes
2, 3, 4 and 5) and 24 h (lanes 7, 8, 9 and 10). Normoxic cells (lanes 1
and 6) were analyzed at the same time points. The density of the bands
was quantiﬁed by densitometric analysis as reported in the histograms
at the bottom of the ﬁgure. Data are presented after normalization
with the b-actin bands. In the histograms are represented the means
and standard deviations of three separate experiments.3. Results
3.1. Flow cytometric analysis of hypoxic response
In order to determine if the MG-63/HRE-EGFP clone re-
sponds to diﬀerent hypoxic conditions, ﬂow cytometry was
conducted (Fig. 1). As can be seen in the representative exper-
iment shown, both CoCl2 exposure and hypoxic treatment in
Anaerocult bags (oxygen concentration less than 1%) result
in induction of ﬂuorescence. In particular, CoCl2 determines
a concentration-dependent induction. In fact, at 50 lM CoCl2,
54% of the cells have an MFI value of 444, at 100 lM, 64% of
the cells have an MFI value of 688 and at 200 lM, 66% of the
cells have an MFI value of 984. Low oxygen concentration re-
sults in 25% of the cells having an MFI value of 190. As is
apparent, CoCl2 is more eﬀective in inducing ﬂuorescence than
low oxygen concentration.
3.2. Assessment of HIF-1a expression in response to hypoxia
In order to verify if the EGFP ﬂuorescence observed above
under hypoxic conditions is related to the increase in the quan-
tity of HIF-1a, Western blot analysis was conducted. As can
be seen in Fig. 2, HIF-1a was not present in MG-63 cells under
normoxic conditions (lanes 1 and 6), but was present in these
cells treated with 50, 100 and 200 lM CoCl2 as well as exposed
to low oxygen concentration after 5 h (lanes 2, 3, 4 and 5) and
24 h (lanes 7, 8, 9 and 10) of treatment. It can also be noted
that the HIF-1a level increased in a CoCl2 concentration-
dependent manner. Furthermore, with all three concentrations
of CoCl2 as well as with low oxygen concentration, the amount
of HIF-1a was lower at 24 h than at 5 h. In fact, the maximum
increase in HIF-1a occurred after 5 h of treatment with
200 lM CoCl2.
3.3. Fluorescence in monolayer cells and spheroids
Once the responsiveness of MG-63/HRE-EGFP cells was
veriﬁed, ﬂuorescence in monolayer cells and spheroids formed
from these cells under normoxic conditions was examined inFig. 1. Flow cytometric analysis of MG-63/HRE-EGFP cells. Cells under no
as to a low oxygen concentration for 24 h were analyzed. R2 is the region of ﬂ
As can be seen in the representative experiment shown, the number of cells in
in response to these treatments.detail using TPE microscopy. Figs. 3a and c show monolayer
cells and one representative spheroid at 5 days of growth,
respectively, as seen with light transmission microscopy. Figs.
3b and d are the corresponding TPE images. As can be seen,
monolayer cells show a very low amount of ﬂuorescence, con-
ﬁrming the results obtained with ﬂow cytometric analysis of
cells grown in normoxic conditions. This ﬂuorescence may be
ascribed, at least in part, to cell auto-ﬂuorescence. On the other
hand, the small spheroid (about 100 lm) shows a high degree
of ﬂuorescence. In particular, the image reconstruction ob-
tained from a series of optical sections shown in Fig. 3d dem-
onstrates that ﬂuorescence is present throughout the spheroid.
Finally, in Figs. 3e and f are shown the subcellular distribution
of EGFP ﬂuorescence in a representative untreated spheroid
(Fig. 3e) and in a CoCl2-treated one (Fig. 3f). As can be seen,rmoxic conditions and exposed to 50, 100 and 200 lM of CoCl2 as well
uorescence induced in MG-63/HRE-EGFP cells by hypoxic treatments.
the R2 region as well as the mean ﬂuorescence intensity (MFI) increase
Fig. 3. TPE analysis of MG-63/HRE-EGFP cells and spheroids. Light
transmission micrographs of monolayer cells (ﬁeld of view
90 lm · 90 lm, step 0.5 lm) (a) and one representative 5-day old
spheroid (ﬁeld of view 263 lm · 356 lm, step 0.69 lm) (c) and the
corresponding TPE confocal micrographs of monolayer cells (b) and
the spheroid (d) (same ﬁeld of view of the transmission images).
Monolayer cells show almost no ﬂuorescence, whereas the small
spheroid (about 100 lm) shows a high degree of ﬂuorescence.
Micrograph (d) represents the reconstructed (i.e., the planar projec-
tion) image obtained from a series of 98 optical sections taken every
1 lm. Micrograph (e) shows the subcellular distribution of EGFP
ﬂuorescence in a representative untreated spheroid, while micrograph
(f) shows this same distribution in a 100 lM CoCl2-treated one. The
arrows indicate the less ﬂuorescent cell nuclei of the spheroids.
Fig. 4. Distribution of TPE ﬂuorescence in very small MG-63/HRE-
EGFP spheroids. In (a) is shown a schematic representation of a
spheroid in which the x, y and z directions are labelled. TPE was
utilized to obtain ﬂuorescence intensity in various planes along the z
direction, starting from the base of the spheroid as is shown by the
arrow. In (b) are plotted the average ﬂuorescence intensities of 10 ROIs
as a function of depth in the z direction of the same representative 5-
day old MG-63/HRE-EGFP spheroid shown in Fig. 3d. Optical
sections were taken every 1 lm. The error bars represent the standard
deviations. In (c) is shown a sequence of optical sections taken every
15 lm of the same spheroid (ﬁeld of view 263 lm · 356 lm, step
0.69 lm). As is evident, ﬂuorescence is greatest in the central regions of
the spheroid (i.e., in the range from 35 to 65 lm in the spheroid that is
about 100 lm in diameter in the z direction).
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although it is also present in the nucleus.
3.4. Distribution of ﬂuorescence in spheroids
After establishing that small MG-63/HRE-EGFP spheroids
show a high degree of ﬂuorescence, the three-dimensional dis-
tribution of this ﬂuorescence was investigated using TPE
microscopy. In Fig. 4a is shown a schematic representation
of a spheroid in which the x, y and z directions are labelled.
As can be seen in this representation, TPE was utilized to ob-
tain ﬂuorescence intensity in various planes along the z direc-
tion, starting from the base of the spheroid as is shown by the
arrow. In Fig. 4b is reported the average ﬂuorescence intensityversus the depth along the optical axis z of the same spheroid
shown in Fig. 3d. In Fig. 4c, a sequence of optical sections
(Dz = 15 lm) of the same spheroid is shown. Both Fig. 4b
and c indicate that ﬂuorescence is greatest in the central re-
gions of the spheroid (i.e., in the range from 35 to 65 lm in
the spheroid that is about 100 lm in diameter in the z direc-
tion). This eﬀect cannot be ascribed to a reduction of the
cross-section of the imaged object due to optical sectioning.
In fact, if a spherical cellular aggregate of 100 lm is consid-
ered, the reduction of the cross-section within one of the
5 lm ROIs chosen for this spheroid is limited to about 1–
2 lm from the external edge of the object. Larger, better
formed and compact spheroids were also investigated with
the TPE technique in order to determine if ﬂuorescence can
be examined in these spheroids with the same eﬃcacy of pen-
etration and three-dimensional resolution as smaller ones. In
Fig. 5a is shown one representative spheroid (about 160 lm
in diameter in the z direction) as seen with light transmission
microscopy while in Fig. 5b is shown the corresponding TPE
reconstructed image obtained from the series of optical sec-
tions taken every 1 lm as described for the smaller spheroids.
A partial sequence of this series (Dz = 25 lm) is shown in
Fig. 5c. These images as well as the graph of Fig. 5d indicate
that ﬂuorescence is greatest in the central regions of the spher-
oid. Finally, it should be pointed out that similar results could
not be obtained with confocal laser microscopy (Fig. 6). In
fact, Fig. 6a shows a confocal micrograph of a MG-63 spher-
oid taken at a depth of 10 lm along the z direction, while
Fig. 6c shows a confocal micrograph of the same spheroid
taken at 65 lm. The corresponding light transmission images
are shown in Figs. 6b and d, respectively. As can be seen, con-
Fig. 5. Distribution of TPE ﬂuorescence in larger MG-63/HRE-EGFP spheroids. In (a) is shown one representative spheroid (about 160 lm in
diameter in the z direction) as seen with light transmission microscopy while in (b) is shown the corresponding TPE reconstructed image obtained
from the series of optical sections taken every 1 lm (ﬁeld of view 335.6 lm · 319.6 lm, step 0.92 lm). A partial sequence of this series (Dz = 25 lm) is
shown in (c), while in (d) is plotted the average ﬂuorescence intensities of 10 ROIs as a function of depth in the z direction of the same representative
spheroid. The error bars represent the standard deviations.
Fig. 6. Fluorescence in MG-63/HRE-EGFP spheroids using confocal
laser microscopy. In (a) is shown a confocal laser micrograph of a MG-
63 spheroid taken at a depth of 10 lm along the z direction, while (c)
shows a confocal micrograph of the same spheroid taken at 65 lm. The
corresponding light transmission images are shown in (b) and (d),
respectively. The ﬁeld of view is 162.8 lm · 162.8 lm, step 0.32 lm.
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central spheroid regions.3.5. Fluorescence intensity as a function of spheroid growth
TPE microscopy was used to investigate ﬂuorescence inten-
sity as a function of time in MG-63/HRE-EGFP spheroids
after 2 and 5 days of growth (mean diameter 60 ± 10 lm and
100 ± 15 lm, respectively). The histogram presented in
Fig. 7a indicates that spheroids at 5 days of growth are much
more ﬂuorescent than those at 2 days of growth. In fact, low
ﬂuorescence values (below 30 photons) were found more fre-
quently in 2-day old spheroids than in those grown for 5 days.
Conversely, ﬂuorescence intensity values above 30 photons oc-
curred much more frequently in 5-day old spheroids. This
observation is conﬁrmed by the ﬂow cytometric analyses
shown in Fig. 7b. As can be seen in the representative experi-
ment shown, 5-day old spheroids are much more ﬂuorescent
than 2-day old spheroids. In fact, spheroids at 5 days have
37% of the cells with an MFI value of 408, while those at 2
days have only 6% of cells with an MFI value of 423.3.6. Assessment of HIF-1a expression in spheroids
In order to determine if the ﬂuorescence observed in spher-
oids using TPE microscopy can be correlated to HIF-1a
expression, the amount of this protein was evaluated in MG-
63 spheroids after 5 days of growth using Western blot analysis
Fig. 7. TPE ﬂuorescence as a function of growth. (a) Histogram
showing the average normalized number of events (i.e., the number of
times that a certain ﬂuorescence intensity occurred normalized to the
number of pixels) as a function of ﬂuorescence intensity observed in
MG-63/HRE-EGFP spheroids at 2 and 5 days of growth using TPE
microscopy. The histogram was obtained from the images of about 10
spheroids. The error bars denote the standard errors. (b) Flow
cytometric analyses of MG-63/HRE-EGFP spheroids grown for 2 and
5 days. Region R2 was chosen so as to compare it with that of Fig. 1.
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Fig. 8. Western blot analysis of the HIF-1a transcription factor in
spheroids. In lane 1 is shown expression of HIF-1a in untreated 5-day
old spheroids, while in lane 2 is shown the expression of this protein in
spheroids of the same age treated with CoCl2. Three separate
experiments were conducted and an equal loading of protein was
conﬁrmed by utilizing an antibody against b-actin.
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expression (lane 1). Spheroids of the same age were treated
with 100 lM CoCl2 for 5 h and used as a control of HIF-1a
expression (lane 2).4. Discussion
Three-dimensional spheroids can be extremely useful in a
deeper understanding of the molecular mechanisms at the basis
of the intricate relationship between oxygen, HIF-1 and HRE
activity. However, because of the complex spatial array of
spheroids, it is often technically diﬃcult to study them. For in-
stance, it is nearly impossible for spheroids formed from most
cell types to be examined with ﬂuorescently tagged antibodies
since these antibodies cannot pass beyond the ﬁrst or secondouter cell layers. An alternative technique would be immuno-
histochemistry on spheroid sections as was conducted previ-
ously on spheroids much larger (400–1000 lm) than the ones
utilized here [16,17]. However, in the small spheroids under
analysis in the present study, such a technique would induce
strong perturbations and provide imprecise results. In oxygen
studies when even a small change in the oxygen equilibrium
could yield incoherent results, immunohistochemistry is not
the best choice. It should be underlined that it was the purpose
of the present work to examine the early phases of the develop-
ment of hypoxia and, therefore, it was necessary to study very
small spheroids.
Thus, transfection with appropriate vectors coding for ﬂuo-
rescent molecules, as was performed in the current study, rep-
resents a good choice. In addition, confocal laser scanning
microscopy (CSLM) may not be the best option to observe
ﬂuorescence in spheroids, especially when imaging inner vol-
umes of thick aggregates. TPE confocal microscopy in which
the simultaneous absorption of two near-infrared photons
primes ﬂuorescence emission may be a better choice [14,15].
In fact, the use of the longer (infrared) wavelength excitation
light results in a much higher penetration depth into the sam-
ple and in reduced scattering compared to CSLM, allowing the
inner volume of thick spheroids to be examined more accu-
rately. Indeed, the comparison between these techniques con-
ducted in the present paper clearly demonstrates that it is
not possible to examine the central regions of the spheroids
with CSLM. Also, TPE which limits the excitation of ﬂuores-
cent molecules to the focal point of the microscope objective,
not only provides intrinsic three-dimensional resolution, but
also results in reduced out-of-focus photobleaching of the sam-
ple. Thus, the molecular biology and the optical sectioning
methods utilized in this paper appear to be particularly appro-
priate for the study of the eﬀects of oxygen in tumor cells ar-
ranged in a three-dimensional array.
In order to investigate the complex interplay between three-
dimensional cell organization and HRE activity, MG-63
monolayer cells were stably transfected with a vector contain-
ing multiple copies of the VEGF HRE sequence located next
to the EGFP coding sequence, and then spheroids were
formed. The HRE system of regulation can be used to study
hypoxia-speciﬁc gene induction in a wide range of human cell
types. Especially valuable are hypoxia/HIF-responsive expres-
sion vectors using HREs derived from VEGF [13]. Concate-
merized VEGF HREs (>three copies) are optimal in
conferring high levels of hypoxia-speciﬁc gene induction. In
the present study, six copies of the HRE sequence were uti-
lized. The suitability of EGFP as reporter for studies of hypox-
ia has been demonstrated previously despite the fact that
chromophore formation requires oxygen [18]. In fact, this for-
mation is aﬀected only by near-anoxic oxygen concentrations
which are most likely not reached in cell studies conducted
under physiological conditions such as in the present one
involving small MG-63 spheroids. The responsiveness of the
transfected cells was determined in monolayer cells before pro-
ceeding to investigate hypoxia in three-dimensional systems. In
fact, the range and linearity of response was examined using
ﬂow cytometry after exposure of cells to either CoCl2 or low
oxygen concentration. It should be recalled that CoCl2 treat-
ment activates cellular hypoxia-dependent pathways under
normal oxygen levels by inhibiting prolyl hydroxylase and,
consequently, stabilizing HIF-1a [19–21]. Therefore, cobalt
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it has been demonstrated that CoCl2 regulates gene expression
in a similar way to real hypoxia [22]. In the present paper, ﬂuo-
rescence was shown to be aﬀected by CoCl2 in a concentration-
dependent manner and a low oxygen concentration was shown
to be less eﬀective than CoCl2 in inducing GFP expression. A
similar diﬀerence in eﬃcacy between CoCl2 treatment and
exposure to low oxygen concentration was also noted by other
workers [23]. In order to investigate if the responsiveness of the
transfected MG-63 cells was also related to HIF-1a expression,
Western blot analysis of this protein was conducted. As was
noted, the quantity of HIF-1a protein increased with increas-
ing CoCl2 concentration. Again, a low oxygen concentration
was less eﬀective in inducing HIF-1a expression than CoCl2
exposure. Finally, it can be noted that all three CoCl2 concen-
trations tested as well as a low oxygen concentration resulted
in a lower amount of HIF-1a at 24 h than at 5 h. Although
an explanation for the time-related changes in HIF-1a expres-
sion is presently not known, these data are consistent with
those obtained in previous investigations [23–25].
The results of TPE analysis obtained in the present work
indicate that while monolayer MG-63/HRE-EGFP cells in
normoxic conditions reveal almost no ﬂuorescence, even very
small spheroids of both 2 days (average diameter 60 lm) and
5 days (average diameter 100 lm) of growth contain regions
of high ﬂuorescence. These data are in sharp contrast to the
observations made by other workers. In fact, a variety of
papers have examined hypoxia in multicellular tumor spher-
oids [23,26,27]. In these works, a central hypoxic core [26]
and HRE activity [23] were observed only when spheroids
reached diameters P 400 lm. Conversely, in the present pa-
per, the ﬂuorescence indicative of HRE activity was noted in
much smaller spheroids (6100 lm). It should be recalled that
100 lm is the estimated diﬀusion limit for oxygen [23,27].
Thus, the HRE activity observed in the present study even in
spheroids whose diameter is below the oxygen diﬀusion limit
cannot be justiﬁed by the insurgence of hypoxia alone.
Three-dimensional cell organization appears to play a major
role. This hypothesis is supported by the observation that ﬂuo-
rescence does not appear in the central region of MG-63/HRE-
EGFP spheroids alone, but rather appears throughout the
spheroids, even in the well-oxygenated outermost cell layers.
The role of three-dimensional organization also seems to be
supported by the absence of HIF-1a expression observed with
Western blot analysis. However, since Western blotting is a
measure of a speciﬁc protein in the total spheroid extract, it
cannot be excluded that a small quantity of this protein is pres-
ent in the spheroids. But, the considerable amount of ﬂuores-
cence observed cannot be justiﬁed by HIF-1a and hypoxia
alone.
What may be the mechanism(s) by which three-dimensional
organization activates HRE? A possible explanation may be
found in a study examining pericellular hypoxia in high density
cell cultures [28]. Although very diﬀerent from spheroids, these
high density cultures are also often used to examine multicellu-
lar interactions. In this paper, it was demonstrated that in high
density cell cultures, pericellular hypoxia leads to induction of
HRE activity by production of paracrine factors such as nitric
oxide. In fact, these factors that are present in multicellular
systems amplify the eﬀects of hypoxia such that even a rela-
tively low amount of hypoxia can activate HRE. In addition,
nitric oxide is known to activate HRE directly [29]. A similarmechanism of paracrine action may be hypothesized in MG-
63/HRE-EGFP multicellular spheroids. That paracrine factors
amplify the eﬀects of hypoxia could also explain, at least in
part, the higher degree of ﬂuorescence observed in 5-day old
spheroids when compared to those grown for 2 days. During
growth, spheroids not only increase in size, but also become
more compact. It is possible that this higher degree of compac-
tion and the concomitant increase in cell density leads to the
release of more paracrine factors, greater HRE activation
and a higher degree of ﬂuorescence. This ampliﬁcation of the
eﬀects of hypoxia through cell compaction may serve to confer
an increase in cell survival to the spheroids by an enhanced
transcriptional activity of genes involved in this survival as
well as in resistance to antineoplastic therapies. In support of
this hypothesis, we have recently demonstrated in spheroids
formed from the HT-29 cell line that an increase in cell com-
paction also augments the resistance of these spheroids to ion-
izing radiation [30]. The identiﬁcation of the paracrine factors
that may be involved in HRE activation in three-dimensional
spheroids will be the subject of a future investigation.
In conclusion, for the ﬁrst time in the literature, at least to
our knowledge, it is demonstrated, using highly sensitive and
non-perturbing molecular imaging techniques, that three-
dimensional cell organization leads to almost immediate
HRE activation in small MG-63 spheroids stably transfected
with a hypoxia-responsive/GFP reporter vector. This activa-
tion of the HRE sequences, which control a wide variety of
genes, suggests that monolayer cells and spheroids of this cell
line have diﬀerent genes turned on and thus diverse functional
activities and survival characteristics. Since spheroids of di-
verse cell lines diﬀer considerably in cell morphology, viability
and proliferative activity [27], the conclusions drawn in the
present work cannot be generalized to include all tumor cell
lines. Thus, it would be of great importance to extend this type
of analysis in order to examine if other cell lines behave in a
similar manner to MG-63 cells. Furthermore, additional stud-
ies are required to identify the diﬀerences in gene expression
between MG-63 monolayer cells and spheroids due to the dif-
ferent HRE activity in these two cell models. Finally, the data
presented here underscore the importance of the interdisciplin-
ary use of molecular biology together with appropriate bio-
physical tools to examine three-dimensional cell systems such
as tumor spheroids.
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